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Heats of Formation of Some Barium Aluminates 

R. B. Peppier and E. S. Newman 

The heats of solution in HC'l, 26.61 H2O of eight compounds in the system BaO-Al203- 
H2O were determined. From these data and data taken from the literature, the heats of 
formation of the com])ounds at 25° C were calculated. 



1. Introduction 

The hydrated barium aluminates have been studied 
by several investigators in order to determine their 
solubility relationships [1, 2, 3, 4]/ but there are 
virtually no thermoehemical data available on these 
compoimds. The purpose of the present investiga- 
tion is to determuie the heats of formation of some 
of the barium alinninat(^s and bariinn aliuni- 
nate hydratc^s ])v measiu'ing the heats of solution 
of these com])oiiTuls hi 2.00 A^ HCl. Tlu^ fol- 
lowing compounds were studied: Ba().Al203, 
SBaO.AlsO,, Ba().Alo03.H20, BaO.AhO3.2H2O, 
BaO. AI2O3.4] lo( ), BaO. Ah03.7HoO, 2BaO.AloO3.5H2O, 
and 7BaO.()AL>(),.3()H,0. 

2. Experimental Procedure and Results 
2.1. Preparation of the Compounds 

The two anhydi'ous bariiun alununates were 
obtained bv igniting ai)propriate mixtures of BaCOs 
and AhOs.'^HoO (gibbsite) at 1,400° C to obtain 
BaO.AhOs and at 1,300° C to obtain 3Ba().Al203. 
The hydrates BaO.Al.Oa.H.O and BaO.Ai2O3.2H2O 
were prepared hych'othei'mally ; Ba().Al203.4H20 was 
prepared by allowing BaO.AlXVj.TH.O to stand in 
contact with an a(|ueous barium aluminale solution; 
7Ba0.6Alo(),.3()ll>() aiul BaO.Al.Oa.THoO were pre- 
pared by preci])itation from a su])ersaturate(l aqueous 
solution of Ba(0H)2 and BaO.Al^Oa; and 
2BaO.Al2O3.5H2O was prepared by boiling gibbsite in 
a Ba(0H)2 sohition. Full details of the preparation 
of these com])ounds have been presented (^Isewhere 
[3,4]. 

The compounds were stored in glass jars for vary- 
ing lengths of time prior to this investigation. The 
composition of each had been established by chemical 
analysis and petrographic examination, and it was 
assumed that no significant changes had occurred. 
The uncertainty in the composition of the com- 
pounds was estimated to be of the order of 1 percent. 

2.2. Heat of Solution of the Compounds 

The heats of sohition of 2-gram samples of each 
compound in 640 grams of 2.00 A^ hydrochloric acid 
were determined in an isotherm ally jacketed 
calorimeter [5]. Solution was complete except in 
the cases of BaO.Al2O3.H2O and BaO.Al2O3.2H2O 
where about 1 and 0.1 percent, respectively, of in- 
soluble residue remained. An analysis of these res- 
idues indicated that they were uncombined gibbsite. 

1 Figures in brackets indicate the literature references at the end of this paper. 



They were considered impurities, and the sample 
weights were corrected accordingly. The initial 
calorimeter temperatiu'e was so chosen in each case 
that the final temperature would be approximately 
25° C, the temperature of the bath. The heat-of- 
solution data (see table 1) are the calcidated iso- 
thei-mal heats of solution at 25° C. It may be 
not(ul that the heats of solution ])er gram of the two 
anhydrous compounds arc^ iiigb(M' llian that of any 
of the hv(h-ales, and that in the series BaO.AI.Oi.HoO, 
Ba().Al,()3.2H2(), Ba().Al2()3.4H2(), and Ba().Al203. 
7H2(), the heat of solution decreases as the percent- 
age of com])in(Hl water in the compound increases. 

Table 1. Heats of solution and formation of the harium 
aluminates 



Compound 


Heat of solution 


Heat of formation, 
AH/, at 25° C- 












oal/g 


kcal/mole 


From the 
oxides" 


From the 
elements 








kcal/mole 


Kcnl/mole 


liaO 


b-419. 1 
b-588. 1 


b-(H.28 
b-59.95 




-133.4 
-399. 1 


AI2O3 (a) 


BaO.AloOn 


c-393.6±0.2 


-100.5 


-2:3. 99 


-556. 5 


lUJaCAloOi! 


-.370. 6±0. 3 


-208. 3 


-44. 96 


-844. 2 


BaO.Al () .U.O 


3:w.o±0. 1 


-91.02 


-32. 95 


-633. 8 


BaO.Al.i) .-'11 


:;iHi t;i().2 


-87. 57 


-36. 39 


-705.5 


liaO.AI (). Ill 


LMd. (I_t0.8 


-78. 57 


-45. 36 


-851. 1 


BaO.Al:'():(.7U;;() 


-190. 4dz0.2 


-72. 62 


-51. 29 


-1062.0 


2Bao.A1203.5H20.. 


-219. ()±0. 1 


-109.2 


-78. 88 


-1086.6 


7Ba0.6Al20:5.36H20 


-228. 4±0. 1 


-533.0 


-274. 60 


-6062. 5 



a From BaO(c), A^OsCc, a), and H2O (1). 
b Calculated values. 



= Standard deviation = ± 



2.3. Heats of Formation 

The heats of formation of these barium aluminates 
m.ay be calculated from their heats of solution and 
the heats of solution of BaO and AI2O3 in the acid 
used. The heats of solution of these two oxides in 
2.00 A^ hydrochloric acid were calculated, because 
gibbsite dissolves very slowly at 25° C and BaO is 
difficult to prepare. 

Thorvaldsen, Brown, and Peaker [6] calculated the 
heat of solution of AI2O3 in HCl, 200 H2O. Theh 
method is applied in the present work except that 
more recent data [7, 8] are used. The heat of solu- 
tion of AI2O3 {c,a) in HCl, 26. 61^' H2O is obtained as 
follows: 

2 In the precedinji paper in this series [9], the concentration of 2.00 N HCl was 
given a.s HCl. 26.64 H2O. This value was calculated from the data for the density 
of a(|iie()ns 11 CM at 25° C taken from the International (^ritical Tables. A new 
calculation using more precise molecular weights gives the concentration as 
HCl, 26. ()1 II2O, and this new value is used through the present paper. 
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2Al(c) + 6(HC], 12.74H20) = 2(A1C13, 38.21H20) + 

3H2(g) AHi=-233.Q7 kcal [6] (1) 

Al203(c,a)-2Al(c) + 3/2 02(g) AH2= 

+ 399.09 kcal [7] (2) 

3H2(g) + 3/2 02(g)-3H20(l) AH,= 

-204.95 kcal [7] (3) 

3H20(1) + 2A1C13, 38.21 H20-2(AlCl3, 

39.71 H2O) Ai^4= -0.24 kcal (4) 

The sum of the above four equations gives eq 5: 

Al203(c,a) + 6(HC1, 12.74 H20)-2(AlCl3, 

39.71 H2O) AH,^ -59.77 kcal (5) 

The desired heat of solution, however, is represented 
by the following equation: 

Al203(c,a) + 6(HC1, 26.61 H20) = 2(A1C13, 

81.34 H2O) A//6-= -59.95 kcal (6) 

Equation 6 may be obtained by adding to eq 5 the 
following two equations, which represent the neces- 
sary dilutions: 

2(A1C13, 39.71 H20)=2(A1C13, 81.34 H.O) 

A^7= -2.96 kcal (7) 

6(HC1, 26.61 H20) = 6(HC1, 12.74 H2O) 

Ai^8= +2.78 kcal (8) 

The value of AH4^ was determined by the authors 
to be —0.24 kcal; that of AH, is -59.77 kcal, the 
sum of AHi, AH2, AH^, and AH4. The value of AH^ 
was found to be —2.96 kcal. 

The lieat-of-form.ation data for aqueous HCl [7] 
solutions were plotted against the square roots of 
their corresponding molalities, and from the resulting 
curve the value of Allg was estimated to be +2.78 
kcal. In each case, AH represents the heat effect of 
the equation as written. 

The value of AHq, which is the sum. of A//5, AH7 
and AHs was calculated to be —59.95 kcal. 

The heat of solution of BaO in 2.00 A^ hydrochloric 
acid was obtained as follows: 

Ba0(c) + 2(HC1, 26.61 H20)=BaCl2, 53.23 H2O + 

HsOa) Ai^9= -64.28 kcal (9) 

BaCls, 53.23 H20+H20(l)-BaClo, 54.23 H20 + Afl^,o 

(10) 
The sum of these equations is 

Ba0(c) + 2(HC1, 26.61 HoO) = 

BaCls, 54.23 H2O A//n= -64.28 kcal (11) 

which represents the solution of BaO in an exactly 
equivalent amount of 2.00 A^ hydrochloric acid. The 
value of AHg was obtained from heat-of -formation 
data available in the literature [7]. The value of 



Ai^io was assumed to be negligible; consequently, the 
value of AHii is the same as that of AHg, 

When the equations describing the solutions of the 
compounds are subtracted from the sum of the 
equations describing the solution of the oxides, 
equations are obtained from which the heat of reac- 
tion of the constituent oxides may be deduced. The 
heats of formation of the compounds may be cal- 
culated from the heats of reaction of their constituent 
oxides, using their known heats of formation. 

The calculation of the heat of formation of 
BaO.Al203 is presented in detail to illustrate the 
method. The three equations that represent the 
solution of the constituent oxides and the compound 
are: 

BaO(c) + 2(HCl,26.6lH20)-BaCl2,54.23H20 

AHn = -64.28 kcal (11) 

Al203(c,a) + 6(HC1, 26.6lH20)-2(AlCl3, 8I.34H2O) 
Ai76== -59.95 kcal (6) 

BaCl2, 2AICI3, 150.3HC1, 4218H20-BaO.Al203(c) + 

158.3(HC1, 26.6IH2O) A^i2= + 100.49 kcal (12) 

The sum of these three equations is the following 
equation: 

BaO (c) + AI0O3 (c ,6.) + BaCl2,2 AICI3, 1 50 .3HC1, 
4218 H20 = 2(A1C13, 81.34H20) + 
BaO.Al203(c) + 150.3 (HCl, 26.6lH20)+ (13) 

BaCl2, 54.23H2O Ajy^i3- -23.74 kcal 

It may be seen that eq 13 contains the desired equa- 
tion, which is 

BaO(c) + Al203(c,«)-BaO.Al203(c) (..) 

A/fi4- -23.99 kcal ^ ^ 

In order to obtain eq 14 from eq 13, the following 
two equations may be added to eq 13: 

150.3(HC1, 26.6lH20)+BaCL, 54.23H20-BaCl2, 
150.3HC1, 4054H2O Ai7i5- +0.072 kcal (15) 

BaCl2, 150.3HC1, 4054H2O+2(AlCl3, 8I.34H2O)- 

BaCl2, 2AICI3, 150.3HC1, 42I8H2O 

A2^i6= +0.175 kcal (16) 

To calculate AHu, it was necessary to determine 
Ai^is and AHu experimentally. 

The sum of AHis, — AHi,, and —AHu is the desired 
value of AHu. The values of AHq and AHn have 
been shown to be —59.95 and —64.28 kcal, respec- 
tively. The value of AH12 was determined by the 
authors to be +100.49 kcal. The value of A7?i3, the 
sum of AHq, AHu, and AH^, was then calculated to 
be —23.74 kcal. To this was added the values of 
AHi5 and AHu, determined b}^ the authors to be 
+0.072 and +0.175 kcal, respectively, to obtain 
— 23.99 kcal, the value of AHu. 

In an exactly analogous manner, the heat of for- 
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mation of 3BaO.Al203 from its constituent oxides, as 
represented by eq 17, may be calculated. 

3BaO(c)+Al203(c,c^)=3Ba().Al203(c) 

AHi7= -44.05 kcal (17) 

The procedure for calculating the heats of forma- 
tion of the hydrates is the same, excerpt that the water 
of hydration must be considered. The calculations 
for BaO.Al2O3.H2O are presented in detail to illus- 
trate the method. The equations repi*esenting* the 
solution in 2.00 A'' hydrochloric acid of the constit- 
uent oxides and of the compound are 

Ba0(c) + 2(HC1, 26.6lH20)-BaCl2, 54.23H2O 

AZ?6=- 59.95 kcal (6) 

Al203(c,«) + 6(HC1, 26.61H20)-2(A1C13, 8I.34H2O) 
Ai7n- -64.28 kcal (11) 

BaCL, 2AICI3, 161.5HC1, 45171120 = 
BaO.Al203.H20(c) + 169.5(HCl, 26.6IH0O) 
Afl^ig- +91.02 kcal (18) 

H20+BaCl., 2AICI3, 161.5HC1, 4516H.>0 = 
BaCl2, 2AICI3, 161.5HC1, 4517H20-f A//19 (19) 

The sum of these four equations may be separated 
into the following two equations: 

BaO(c)+Al2G3(c, a) + H20(l)-BaO.Al.,03.HoO(c) 
A//20-- -32.95 kcal (20) 

and 

BaCl2, 2AICI3, 161.5HC1, 4516H20=BaCl2, 
54.23H20 + 2(A1C13, 81.34H20) + 161.5(HC1, 
26.6IIT2O) A/721- -0.262 kcal (21) 

where eq 20 is the desired ec(uati()n and eq 21 may be 
broken down into compoiu^nts whose heat effects 
may be separately determined as follows: 

161.5 (HCl, 26.6lH20)+BaCl2, 54.23H20-^BaCl2, 
161.5HC1, 4298H2O A/722 =+0.074 kcal (22) 

BaCl2, 161.5HC1, 4298HoO + 2(AlCl3, 
81.34H20)-BaCl2, 2AICI3, 161.5HC1, 45I6H2O 
Ai723= +0.188 kcal (23) 

The values of Ai/g and AT/n have been shown to 
be —59.95 and —64.28 kcal, respectively, and the 
value of AH18 was determined experimentally to be 
+ 91 .02 kcal. An attempt was made to determine the 
value of Ai7i9 experimentally, but its magnitude was 
so small that it could not be measured with any 
degree of certainty with the available apparatus, and 
is therefore assumed to be zero. The sum of AHq, 
AHii, A/7is, and A//19 was then calculated to be 
— 34.89 kcal. The values of Ai722 and AH22 were 
determined by the autliors to be +0.074 and +0.188 
kcal, respectively. Adding these to the previous 
sum gives a value of —32.95 kcal for A/72o- 

In an analogous manner the heats of formation 
from their constituent oxides of the other barium 



aluminate hydrates may be calculated, 
sponding reactions are: 



The con 



BaO(c) + Al203(c,o:) + 2H20(l) = BaO.Al203.2H20(c) 
Ai724= -36.39 kcal (24) 

BaO(c) + Al203(c,a)+4H20(l)-BaO.Al203.4n20(c) 
A/725= -45.36 kcal (25) 

BaO(c) + Al203(c,a) + 7H20(l)=:Ba().Al203.7H20(c) 
Ai726= -51.29 kcal (26) 

2BaO(c)+Al203(c,c.) + 5H20(l) = 
2Ba0.Al203.5H20(c) AH27= -78.88 kcal (27) 

7BaO(c) + 6Al203(c,a) + 36H20(l)=: 
7Ba0.6Al203.36H20(c) A/728=- -274.60 kcal (28) 

For each of these compounds, a group of equations 
was written, and appropriate dilution experiments 
were performed. This work required some 17 addi- 
tional ecpiations of the type already sliown. These 
equations diflered slightly from those already given 
because the heats of solution were all det(M'mined 
using 2-gram samples and a fixed amoiuit, 640 g, 
of 2.00 N JICl. It was hdt that tfies(^ equations and 
calculations need not be shown in detail. It was 
found to be unnecessary to perform each dilution 
because of the narrow range of the heat effects. 
Accordingly, the values presented in table 2 were 
plotted and the desired beats of dilution determined 
by inteipolation. 



T 


ABLE 2. 


IlcaLs of dilution 


Amount of 

BaCh 

solution 


Weight of 
BaCh 


+MI 


-fA// 


Varying amounts of a 17.57-percent aqueous solution of 
BaCh in 610 g of 2.00 iV HCl 


ml 

0.562 

5.62 

8.00 

10.73 


<7 
0. 1162 
1. 1616 

1. 6535 

2. 2178 


callg 
0.517 
.415 (avgof 4) 
.324 
. 282 (avg of 2) 


kcallmole 

0. 108 

.086 

.068 

.059 


Varying amounts of 8.34-percent aqueous AICI3 solution 
in 610 g of 2.00 N HCl and 8.18 ml of 17.57-percent 
BaCb aqueous 


Amount of 

AICI3 

solution 


Weight of 
AICI3 


-\-MI 


+A// 


7nl 
10. 59 
23.70 



0. 9491 
2. 1234 


cal/q 
1.08 (avg of 2) 
0. 66 (avg of 2) 


Ucaljmole 
0.144 
.088 



From the known heats of formation of the constit- 
uent oxides, the heats of formation fioin their con- 
stituent eh^UK^nts of these barium aluminates were 
calculated and are show^n in table 1. 

The autliors^ value of the lu^at of formation of 
BaO.Al203 differs widely from that of Avgustinik 
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and Mchedlov-Petrossian [11], who calculated their 
value from the pressure developed by heating an 
equimolar mixture of BaS04 and AI2O3. These 
investigators, however, did not identify the products 
of their reaction, and in a subsequent investigation 
[12] in which one of them analyzed the products 
formed by igniting BaS04 and AI2O3 in the appro- 
priate stoichiometric ratio, he was unable to produce 
BaO.AlsOs. 

Grube and Heintz [13] have calculated the heat of 
formation of 2BaO.Al203 from BaO.Al203 and BaO 
to be —2.11 kcal/mole. The existence of 2BaO.Al203, 
however, is not accepted by mau}^ investigators, and 
the present authors made no measurements with 
samples of that stoichiometric composition. 

3. Summary 

The heats of solution in 2.00 N hydrochloric acid 
of eight compounds ia the system BaO-Al203-H20 
were determined in an iso thermally jacketed calorim- 
eter. The heats of solution of two anhydrous 
compounds were found to be higher than those of the 
hydrates. In a series of hydrates that differ only in 
the amount of water of hydration, the heat of 
solution decreases as the percentage of combined 
water increases. The heats of formation of these 
barium aluminates were calculated from their heats 
of solution, the heats of solution of BaO and AI2O3 in 
the acid used, and from data available in the litera- 



ture. From the data presented, the heats of hych^a- 
tion of several barium aluminate hydrates may be 
readilv calculated. 



The authors gratefully acknowledge the assistance 
of E. T. Carlson, who prepared the compounds 
studied in this investigation. 
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